Assessing the impacts of climate variability on agricultural productivity at regional, national or global scale is essential for defining adaptation and mitigation strategies. We explore in this study the potential changes in spring wheat yields at Swift Current and Melfort, Canada, for different sowing windows under projected climate scenarios (i.e., the representative concentration pathways, RCP4.5 and RCP8.5). First, the APSIM model was calibrated and evaluated at the study sites using data from long term experimental field plots. Then, the impacts of change in sowing dates on final yield were assessed over the 2030-2099 period with a 1990-2009 baseline period of observed yield data, assuming that other crop management practices remained unchanged. Results showed that the performance of APSIM was quite satisfactory with an index of agreement of 0.80, R 2 of 0.54, and mean absolute error (MAE) and root mean square error (RMSE) of 529 kg/ha and 1023 kg/ha, respectively (MAE = 476 kg/ha and RMSE = 684 kg/ha in calibration phase). Under the projected climate conditions, a general trend in yield loss was observed regardless of the sowing window, with a range from −24% to −94% depending on the site and the RCP, and noticeable losses during the 2060s and beyond (increasing CO2 effects being excluded). Smallest yield losses obtained through earlier possible sowing date (i.e., mid-April) under the projected future climate suggested that this option might be explored for mitigating possible adverse impacts of climate variability. Our findings could therefore serve as a basis for using APSIM as a decision support tool for adaptation/mitigation options under potential climate variability within Western Canada.
Introduction
Adapting agricultural systems and mitigating the potential adverse effects of anticipated, future climate variability has become more important than ever in the context of global climate changes. Decision support tools are often used for agricultural/agroclimate risk management. They generally rely on modelling approach including biophysical process-based crop growth models (field to regional or global scale models) [1] . Although they are a simplification of more complex and interconnected soil-plant-atmosphere systems, crop growth models (point to global scale models) with satisfactory performance are increasingly used to evaluate various aspects (e.g., magnitude and pattern) of the impacts of climate variability on agricultural productivity [2] - [7] . However, several differences exist in crop modelling frameworks because of their parameterization, their implementation at specific spatial scales, their sensitivity to input data (availability, temporal and spatial scales), etc. Indeed, their use within agricultural sustainability decision-making frameworks can also be challenging by the variability in leading metrics (e.g., yield) used for their calibration/training [8] . Given the difficulties to apply models to generate real solutions for the agricultural sector, various joint modelling initiatives (e.g., AgMIP, http://www.agmip.org/) have emerged since the 2000s to face the increasing challenges in agricultural modelling and explore adaptation options for improving global food security and agricultural sustainability in a changing climate condition. Moreover, within such joint initiatives several models are selected and inter-compared depending on, e.g. the crop targeted, the capacity of the model to simulate major crop growth and development processes, and the ability of the model to be implemented in decision support framework for addressing real-world problems [9] - [11] . From such initiatives benchmarks are defined and consensual approaches are proposed to improve our understanding on models capabilities to help in decision making. Examples of models' intercomparison include the pilot study involving 27 wheat process-based models [11] , which is performed in order to assess the responses to variability of CO 2 concentration, temperatures, rainfall, and some management practices at four sentinel sites around the world (representing variation in wheat productivity).
Canada is one of the top wheat producers in the world, with a production of circa 37.5 million metric tons in 2013 [12] . Studies based on process-based models simulations and dealing with the evaluation of the impacts of climate variability on spring wheat production in Canadian agricultural landscape have been carried out. Touré et al. (1995) [13] compared four wheat simulation models including the CERES (Crop Estimation through Resources and Environment Synthesis; [14] , EPIC (Erosion Productivity Impact Calculator; [15] ), Stewart [16] and Sinclair [17] models, for evaluating the impact of climate change on dryland spring wheat yield in southern Alberta. Artificial climate parameters and scenarios derived from the Canadian Climate Centre second generation general circulation model [18] were used as climate inputs in their study. He et al. (2012) [5] used the CERESWheat in DSSAT (Decision Support System for Agrotechnology Transfer; [6] ) to investigate the earliness of seeding dates of spring wheat under projected climate conditions in Saskatchewan. Qian et al. (2015) [19] also employed the same model for assessing spring yield changes under future climate scenarios across the Canadian Prairies (i.e., the main spring wheat growing region in Canada). In both studies, future climate conditions were based on the IPCC SRES forcing scenarios [20] , A2 in [19] , and A2, A1B and B1 in [5] . Yet, other processbased crop growth models that have gained in popularity during the last decade have not been tested in Canadian conditions. This includes the Agricultural Production Systems Simulator (APSIM), which is a modular modelling framework that has been developed to simulate biophysical process in farming systems, in particular where there is interest in the economic and ecological outcomes of management practice in the face of climatic risk [7] . APSIM modules include a diverse range of crops and pastures, soil processes (including water balance, N and P transformations, and soil erosion), and a full range of management controls.
Although evaluating the impacts of climate variability on agricultural production at global scale is essential [21] , studies across individual sites in regions are still worthwhile since assessing these impacts in most vulnerable regions (i.e., sub-tropic regions), as well as in major cereal grains producer countries (cereal grains being staple food worldwide), is of particular interest for food security, trade, and geopolitical stability. The aim of this study is to explore the changes in spring wheat yield under future climate conditions using the APSIM model. First, the ability of APSIM to represent the temporal variability in spring wheat at selected sites in western Canada was tested. Then, the trends of wheat yields were assessed through different management practices in APSIM (i.e., variation of sowing dates), with input climate data derived from the representative concentration pathways (RCPs) of important greenhouse gases forced with concentrations following the medium emission scenario (RCP4.5) and the high emission scenario (RCP8.5).
Materials and Methods

Study Area and Data Sources
Two sites located in the Province of Saskatchewan in Western Canada [Swift Current (107˚48'W, 50˚17'N), and Melfort (104˚36'W, 52˚52'N)] were considered. The yield data of the selected sites originated from Agriculture and Agri-Food Canada (AAFC)'s experimental plots at these locations. Data spanned a >20-year period at each site over 1946-2009 (Table 1) , with three main wheat cultivars grown during this period (Marquis, Neepawa, and Barrie).
Historical climate data (i.e., daily minimum and maximum temperatures, and precipitation) originated from weather stations and were provided by Environment Canada and other partner institutions through the Drought Watch program (http://www.agr.gc.ca/pfra/drought/index_e.htm). The data period (referred to as historical period) was set according to the available wheat yield data (1949-2009 and 1961-2009 for Swift Current and Melfort, respectively). Daily solar radiation over these periods was generated using the SolarCalc model [22] . This model has been proven useful for estimating the daily incoming solar radiation in western Canadian conditions [23] . SolarCalc produces hourly incoming solar radiation. Therefore, the outputs were summed up to obtain the daily values in our study. The input data required for SolarCalc runs include latitude, longitude, and elevation of the site, along with daily minimum and maximum air temperatures, and precipitation.
Climate scenarios from the Canadian fourth generation Regional Climate Model (CanRCM4) driven by the second generation Canadian Earth System Model (CanESM2) at 0.22˚ horizontal grid resolution (approximately 25 km) were considered in this study. The CanRCM4 model is a "limited-area version" of the CanAM4 (Canadian Atmospheric global climate Model), developed by the CCCma/EC. A detailed description of its underlying physical processes can be found in [24] [25] . The climate general circulation model CanESM2 combines the fourth generation Atmospheric General Circulation Model (CanCM4) and the terrestrial carbon cycle based on the Canadian Terrestrial Ecosystem Model (CTEM), including thus dynamic vegetation in its computation [26] [27]. It is one of the models from the CMIP5 (Coupled Model Intercomparison Project Phase 5) that were considered in the Intergovernmental Panel on Climate Change (IPCC) 5th Assessment Report [28] . The future climate scenarios data (2030-2099 period) were calculated based on the representative concentration pathways of major contributing greenhouse gases (i.e., those with significant radiative potentials), forced with concentrations following the medium emission scenario (RCP4.5) and the high emission scenario (RCP8.5). They were downloaded from the Canadian Centre for Climate Modelling and Analysis division of Environment Canada website (CCCma/EC; http://www.ec.gc.ca/ccmac-cccma/). 
Configuration of Simulations
A two-step procedure was used to test the APSIM model. This included 1) a sensitivity analysis to determine wheat parameters requiring most careful definition, and 2) a robustness test using reported yield data at the study sites. The calibration of the crop parameters was carried out based on the default values of an Australian wheat cultivar (i.e., Hartog). Data from a 4-year experimental study (1998) (1999) (2000) (2001) near Swift Current [29] were used for this purpose. Crop management practices were set as per [29] : the sowing density, sowing depth and row spacing were 200 plants/m 2 , 30 mm, and 230 mm, respectively; a concentration of 112 kg N/ha as ammonium sulphate was applied at sowing as urea fertilizer. Soil properties ( Table 2 ) were retrieved from [29] [30] . The variety was sown when rainfall was at least 20 mm over the 10 previous days and the water content in the first top soil layer (0 -15 cm) was assumed to be >70% of plant available water. The sowing window considered spanned 26 April (earliest possible date) to 31 May (latest possible date). Planting dates were therefore simulated by the model based on the criteria mentioned.
A range of values of each of the crop parameters above and below those reported in the literature was run in APSIM, while keeping parameters other than the one being tested held constant. The most sensitive crop parameters were found to be thermal times during the vegetative, flowering and grain filling periods, and sensitivities to vernalisation and photoperiod. These parameters were then fine-tuned using data derived from experimental plots [29] , which included grain yield, total above-ground biomass, and the anthesis and physiologic maturity dates. Next, the performance of the APSIM model (i.e., test of the model ability to predict yield interannual variability) was evaluated using historical climate and yield data. Note that data used for model training were not included.
All the simulations over the study period (historical and future) were performed using the previous settings at the two sites. In order to exclude the "carry-over" effects from previous seasons, soil N and water contents were reset every year in autumn (i.e., 31 October). The main differences in configuration settings between sites included the soil physico-chemical properties, soil plant water available capacity (PAWC), nitrogen content in soil layers ( Table 2) . No increasing CO 2 effects were considered for simulations under future climate scenarios.
Sensitivity Analysis for Future Climate Conditions and Data Analysis
In order to assess what might be the effects on the future climate variability at each of the two sites, the impacts of varying sowing windows on grain yield were explored. The sowing date has been reported as one the sensitive parameters influencing spring wheat grain yield in the study region [31] . A combination of four possible earliest The MAE measures the average magnitude of the errors in a set of forecasts, without considering their direction. It was calculated as follows:
where n is the number of observations, P i is the predicted yield or biomass, and O i is the observed yield or biomass.
The RMSE is one of the most widely used errors measures. It gives the weighted variations in errors between the predicted and observed values. It was calculated as follows:
The d-index is a descriptive measure and has values ranging from 0 to 1. The higher the index value the better the model performance. Its formula is as follows:
where O is the average value of observed yields. Figure 1 and Figure 2 show temperatures and rainfall patterns at the study sites during the cropping season (May-September) for the historical period and future climate scenarios. At both sites, there was a decreasing trend in average maximum temperatures over the 1949/1961-2009 period. The variability in average maximum temperatures during the cropping season was more pronounced than that in average minimum temperatures over that period at all sites. Average maximum temperatures over the cropping season ranged from 19˚C to 28˚C and 18˚C to 26˚C at Swift Current and Melfort, respectively. The respective ranges of average minimum temperatures were from 7˚C to 11˚C and 6˚C to 11˚C. However, a trend of increasing average minimum and maximum temperatures was observed for both future climate scenarios at both sites over the 2030-2099 period, with higher average temperatures more noticeable by the end of the century (Figure 1) . The increase in average temperature was less obvious between the two RCPs during the 2040s and 2060s; but became more marked by the end of the century, namely at Swift Current. Regarding the total rainfall during the cropping season (Figure 2) , increases would be expecting over 2030-2099, compared to historical data. Over the historical period at both sites, the total rainfall barely was >300 mm (average value of ~250 mm and minimum <100 mm). Whilst in future climate scenarios, the total rainfall over the cropping seasons was >310 mm on average, regardless of the RCP considered, with peaks reaching 610 mm (RCP4.5) and 750 mm (RCP8.5) at Swift Current. At Melfort the maximum total rainfall during the cropping seasons would reach 540 mm and 600 mm in case of RCP4.5 and RCP8.5, respectively.
Results and Discussion
Variability of Weather Conditions during the Growing Period
Calibration and Validation of APSIM at the Selected Sites
Simulated grain yield, total above-ground biomass, and anthesis and physiologic maturity dates were compared Anthesis and physiologic maturity dates were satisfactorily captured by the model depending on the year. Differences between dates ranged from 1 day to 11 days, and 4 days to 9 days, respectively for anthesis and physiologic maturity. Moreover, the comparison between predicted and observed grain yield and biomass resulted in R 2 > 0.80 in both crop variables. The spring wheat yield was simulated with RMSE of 684 kg/ha and MAE of 476 kg/ha. Based on simulations including five sites in Saskatchewan (including Swift Current) and Manitoba, Mkhabela and Bullock (2012) [30] reported RMSE and MAE values of 743 kg/ha and 611 kg/ha, respectively, when simulating spring wheat yieldusing the AquaCrop model. Although the periods of simulation were different (2003) (2004) (2005) (2006) in [30] ), the same range of model performance can be attained through the APSIM model.
A robustness test of APSIM was then carried out based on long time series data of spring wheat yield at Swift When data from the two sites were pooled, the overall robustness was quite satisfactory (Figure 3) . The MAE an RMSE were respectively 529 kg/ha and 1023 kg/ha (d = 0.80). The relatively high RMSE at both sites could be explained by the differences in cultivars over the period considered (Table 1) . Indeed, the calibration was performed based on data involving cultivar AC Barrie, which is a higher grain yield variety compared to the two others [33] . Therefore, the model tended to overestimate the yield during periods with different cultivars. Furthermore, the configuration of simulations were kept the same over the entire period and may not well reflect the management practices in all cropping seasons. Other reasons include the fact simulations were performed in "potential" mode, i.e., weeds, disease or insects do not affect growth or yield. In Canadian Prairies wheat yield loss due to pest and diseases can reach approximately 20% each year [34] .
A probabilistic forecasting tool, the Integrated Canadian Crop Yield Forecaster (ICCYF, which integrates agroclimate variables and remote sensing indices), has been developed for generating yield forecasts at the seasonal and regional-scale of major grain crops in Canada [35] [36] . Thus, APSIM-generated scenarios at selected validation sites across Canada (based on available and adequate data) could be potentially integrated as an additional supporting index included with the new ICCYF crop outlooks.
Impact of Change in Sowing Windows on Spring Wheat Yields
Under the projected climate conditions and the criteria defined for simulations, simulated sowing dates were almost in the same range for a given fixed earliest possible date and varying latest possible date, irrespective of the period considered (Figure 4) . For both RCPs at Swift Current, simulated sowing dates were more variable during the 2060s compared to other periods. Total rainfall during the cropping season during this period was relatively high on average (Figure 2) , and could explain such variability in sowing dates simulated by the model. At Melfort, regardless of the predefined sowing windows, a narrow variation generally was found for projected climate conditions under RCP8.5. A relatively high variability was found in most cases under RCP4.5. Furthermore, the closeness of the median value of sowing dates to the first quartile in the distribution (confounded to the first quartile in most cases, Figure 4 ) reveals that the model set the sowing dates at the start of the sowing window in 25% -50% of cases, that is the predefined conditions for sowing would be met earlier in the sowing period. Table 4 gives the potential impacts of tested sowing windows on the final yield were explored. Overall, spring wheat yields negatively would be affected by the variability in climate at the study sites without adaptation strategies. Variations from a 1990-2009 baseline period of simulated yields using APSIM ranged from −24% to −94% depending on the site, RCP, and period considered. Highest negative changes were observed for sowing occurring during 9 May and 7 June. An increasing trend in yield loss (>10% on average) was observed when the possible earliest sowing date was fixed late in the season (i.e., from 20 April to 9 May, at a weekly time step), regardless of the period at both sites. However, for a fixed earliest possible sowing date the latest possible sowing date generally did not affect the percentage of change ( Table 4) . Comparing the sites between them, changes in climate patterns and sowing windows affected differently final grain yields of spring wheat, with highest losses being recorded at Melfort. Indeed, they ranged from the 2060s to the 2080s ranged from 14% to 17% and 27% to 32% for RCP4.5 and RCP8.5, respectively at Melfort. Whereas at Swift Current the respective ranges were 1% to 3% and 12% to 20% over the same periods. The northern site was thus more vulnerable to changes in climate conditions. The combined effects of lower rainfall and relatively low temperatures, compared to the southern site (i.e., Swift Current), may adversely impact the final grain yield. At both sites, the benefit of increased rainfall during the cropping season may have been offset by factors such as the evaporative demand [37] . Overall, the sowing windows that led to lower yield losses during the three periods (2040s, 2060s and 2080s) were those with an earliest possible sowing date of 20 April. These results support the conclusions of [5] who reported that farmers could have the potential of earlier seeding under projected climate change in Saskatchewan. When using APSIM to assess the impacts of projected changes in rainfall, temperature and CO 2 , Potgieter et al. (2013) [38] also reported an increased proportion of early sown wheat across a North-South transect in Eastern Australia. The effect of increased CO 2 under future climate scenario was not included in our analysis since it did not affect the sowing date within APSIM. However, when included into crop growth simulation, that effect might positively influence the final grain yield of spring wheat under such scenarios [19] [38] .
Our simulations were based on only one general circulation climate model (CanESM2), and the results should be interpreted accordingly as results from ensemble climate models may be preferred for such studies (broad simulation context and model uncertainties taken into account in ensemble models). Nevertheless, the trend of the impact of changes in future climate on wheat production in Western Canada was reasonably captured. Across Canada, projected climate changes would affect negatively the productivity of major crops including spring wheat [21] . Although increases of total rainfall over the cropping season will be expected, based on the CanESM2 outputs (Figure 2) , the negative trend observed in final yields compared to the baseline period average yield can be related to the water availability during sensitive growing periods of spring wheat. Water availability during sensitive phenological stages (not explored here) can affect adversely the final grain yield. In APSIM grain yield loss due to the effects of water deficit during sensitive phenological stages can reach 40% depending on the duration of the deficit and the timing [39] [40] . Given the absence of measured data at the sowing time the initial water availability was assumed to be >70% of field capacity in our study at both sites. This also could have played a role in the trend observed in simulated yields. Furthermore, extremely low or high temperatures throughout the growing season can suppress the crop growth (sometimes by killing the crops) [41] . Such impacts will be further investigated to get more insights on what proportion spring wheat yield losses would be under projected climate conditions.
Conclusion
A performance analysis of the APSIM model was conducted at two sites in the Province of Saskatchewan in Canada based on spring wheat yield data from long term experimental plots. Although the period involved wheat cultivars with different traits, reasonable grain yield simulations could be obtained with a model calibration based on the latest cultivar (RMSE = 684 kg/ha; MAE = 476 kg/ha). The robustness test of the model based on long time series of observed data resulted in MAE = 529 kg/ha and RMSE = 1043 kg/ha (Willmott index of agreement = 0.80). Relying on this evaluation, a sensitivity analysis of the impact of change in sowing windows on final yield was then performed under projected climate conditions (RCP4.5 and RCP8.5) over the period 2030-2099. A general trend in spring wheat yield loss from a baseline of 1990-2009 was observed regardless of the sowing window and the RCP, with a range from −24% to −94% depending on the site. Smallest yield losses could be obtained through earlier possible sowing date (i.e., mid-April) under the projected future climate conditions. Although the simulations were based on only one general circulation climate model (the CanESM2 model), the trend in spring wheat yield changed was well captured by APSIM under projected climate conditions at both sites. Our findings could therefore serve as a basis for using APSIM as a decision support tool for adaptation/mitigation options under possible climate variability across Western Canada.
